Pups of the Australian sea lion have been counted at Seal Bay for 20 pupping seasons, 1973-74 to 2002-03. Temporal changes in counts of live pups over the course of each pupping season were fitted to Gaussian (normal) curves to determine objectively the date when pup numbers reached their peak. The mean interval between pupping seasons was 532 ± 31 days (i.e., 17.5 months). Maximum counts of live pups for 13 pupping seasons averaged 144 (s.d. 14) from 1985 (from when data quality was The data show an annual decrease of 0.77% (exponential slope of regression was -0.0077, r 2 = 0.216), or -1.14% per breeding cycle (95% confidence limits -2.47% and +0.20%), but this exponential regression was not significant. Maximum pup numbers for each pupping season were correlated with duration of the interbreeding intervals, such that more pups were counted following shorter interbreeding intervals than following longer intervals. This relationship was not significant, but with one outlier removed it became highly significant, suggesting that pup numbers were influenced by the duration of interbreeding interval. A generalized linear model incorporating three predictor variables (year, interbreeding interval, and their interaction) produced a significant model that explained 51% of the variance in pup numbers, and both year and interbreeding interval had a significant negative effect on pup counts. A generalized additive model (GAM) using cubic spline smoothing functions produced a highly significant model with both terms (year and breeding interval) having negative coefficients. We conclude that year and duration of the interbreeding interval affect pup counts negatively, but that a significant component of the variance is accounted for by the interaction between year and breeding interval. Our best estimate for the rate of decline in the Seal Bay population is from the exponential regression analysis (i.e., 0.77% per year, 12.6% decline between 1985 and 2002-03). These analyses suggest that the reproductive output of Australian sea lions at Seal Bay has declined over the period 1985 to 2002-03. This decrease is contrary to recent increases of New Zealand fur seals, Arctocephalus forsteri, in Australia. The decrease of sea lion numbers at Seal Bay is a cause for concern and deserves further investigation.
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Introduction
The Australian sea lion, Neophoca cinerea, breeds on the west and south coasts of Western Australia, and in South Australia. Seventy-three breeding colonies have been reported on islands and on the coast between Houtman Abrolhos Islands in Western Australia and The Pages Islands, near Kangaroo Island in South Australia , Dennis and Shaughnessy 1996 , Shaughnessy et al. 2005 , McKenzie et al. 2005 ). There are also recent records of a few vagrants on the New South Wales coast, in southern Tasmania and Victoria (reviewed by Shaughnessy 1999) . The sea lion is an Australian endemic that is classed as a specially protected species by the Western Australian government, as rare by the South Australian government, and was listed as vulnerable by the Commonwealth government in 2005.
Surveys of the Australian sea lion conducted over several breeding seasons around 1990 throughout its range led to an estimate of pup production of 2,430 per breeding cycle. With the assistance of a population model, the population size was estimated to be between 9,300 and 11,700 . On the basis of another modeling exercise, the inclusion of recently discovered colonies in the Great Australian Bight and on Eyre Peninsula, and more recent estimates of abundance for several colonies, pup numbers were estimated at 2,861 and the population size at 11,200 (Goldsworthy et al. 2003) . In the surveys around 1990, the four largest colonies at the eastern end of the range accounted for 42% of the population . They were all east of Port Lincoln, South Australia. In order of size they were North Page Island, South Page Island, Dangerous Reef, and Seal Bay on Kangaroo Island (Fig. 1) . Here we report on trends in abundance of pups in the fourth largest colony, Seal Bay, based on counts of pups for 20 pupping seasons from 1973-74 to 2002-03. The colony has been reported to produce up to 180 pups in a pupping season Walker 1976, Gales et al. 1994) .
The interval between pupping seasons of the Australian sea lion is about 17.6 months Walker 1978, Higgins 1993) . For breeding colonies on islands off the west coast of Western Australia, Gales et al. (1992) estimated the pupping interval at 17.5 months. For another 11 colonies throughout the range, noted that the pupping interval was 17-18 months. Thus, the breeding cycle is non-seasonal; furthermore its timing is asynchronous . The duration of the pupping season has been reported as 5 months at Seal Bay and at islands off the west coast of Western Australia (Higgins 1990 , Gales et al. 1992 , or even longer at Seal Bay Walker 1976, Dennis 1999) . Individual pupping seasons are referred to here by the single year or the split year in which they occurred.
Kangaroo Island has an area of 4,500 square kilometers and a human population of 4,200. Although its economy has been based on primary industries, in recent years tourism has developed into an important income generator (Twyford and Vickery 2001) . A major attraction for visitors has been the controlled access program at Seal Bay that enables visitors to walk on the beach with interpretive officers to view Australian sea lions.
Our aim in this paper is to examine variation over several years in the interval between pupping seasons, and in the maximum counts of pups of the Australian sea lion colony at Seal Bay.
Materials and methods

Study colony
Seal Bay is on the south coast of Kangaroo Island in the Seal Bay Conservation Park. Its management by the South Australian Department for Environment and Heritage (DEH) has been reviewed by Robinson and Dennis (1988) and by Twyford and Vickery (2001) . The colony extends along the coast for 7 km and comprises five areas: Pup Cove, the Western Prohibited Area, Main Beach, dunes and swales inland from Main Beach, and the Eastern Prohibited Area.
Most pups are born in the Western Prohibited Area and Pup Cove, with smaller numbers in the Eastern Prohibited Area (EPA) and on Main Beach. In the last two pupping seasons (2001-02 and 2002-03) , the search for pups extended farther east beyond the Eastern Prohibited Area, as far east as Bales Bay. Because it is not clear if searches for pups were made east of the Eastern Prohibited Area before the 2001-02 pupping season, we have excluded data from those areas.
Pup counts
Sea lion pups and other age and sex classes at Seal Bay have been counted at monthly intervals by DEH rangers and interpretive officers based on Kangaroo Island. That project was initiated in February 1983 by one of us (TED) . Before that, counts were made sporadically from 1962 by various people including researchers from the South Australian Museum (e.g., Ling and Walker 1979) and by DEH staff. Data to 1999 at Seal Bay have been collated by Dennis (1999) as part of a compilation of counts of sea lions at breeding colonies and haul-out sites in South Australia. In the 2002-03 pupping season, the intensity of counting at Seal Bay was considerably greater than previously because one of us (RRM) was involved in a population dynamics study of the sea lions there.
The usual method for estimating abundance of sea lions is for one or two observers to walk through a colony searching for and counting pups. Pup numbers are chosen as the index of abundance because pups are easily recognizable, most stay ashore when people enter a colony, and they are manageable (if the estimating technique requires handling). In addition, most of the pups are in the colony at one time, unlike the other age classes in which a variable proportion is ashore at any one time. Because the pupping season lasts for several months, it is difficult to schedule any of the several counts made in a season to occur when pup numbers reach a maximum. In addition, some pups born early in the pupping season may leave with their mothers before the last pups have been born. For example, tagged pups from Seal Bay have been reported at other sea lion colonies on Kangaroo Island (Seal Slide and at Cape Bouguer) aged less than 6 months Walker 1976, 1979) . Consequently, each count of pups is likely to underestimate the number born in the breeding season and, unless several counts are made during the season, the pup production could be underestimated seriously.
Pups were recorded in four categories based on those used by : brown pups = live pups in natal pelage or still molting it; molted pups = live pups that have completely molted their natal pelage, in most pups that occurs at about 5 months of age (T. Dennis and M. Berris, unpubl. obs.) ; unclassed pups = when the counter did not distinguish between live brown pups and live molted pups; and dead pups. In the analyses reported here, the first three categories were combined to form the category live pups.
Procedure for estimating pup abundance from counts
The number of dead pups was not recorded in some pupping seasons and was only recorded on a few occasions in other seasons. Many pups at Seal Bay are concealed under bushes or rock overhangs and in caves. This made some of the live pups difficult to find and made it even more difficult to locate dead pups. Furthermore, we suspect that efforts to record dead pups varied between seasons because personnel conducting the counts varied. Consequently, the search effort for live pups was more likely to have been uniform across seasons than that for dead pups. This belief was accentuated by the extremely high count of dead pups in the 2002-03 pupping season, when pups were searched for more frequently and more assiduously than in former seasons. Therefore, we decided to restrict our analyses of trends to counts of live pups. The maximum number of live pups was taken as the index of abundance for the pupping season; it was reached in most seasons on the visit to the colony in the fifth or sixth month of the pupping season.
Available count data and their analyses
Data for 18 pupping seasons at Seal Bay between 1973-74 and 1998-99 have been collated by Dennis (1999) . In the 1978 pupping season, only a single count was made, of 87 pups. It was not used in the analyses because it was little more than half of the average pup numbers recorded in the colony and was presumably made well before numbers had peaked for that season. Counts were also available for the three pupping seasons from 2000 to 2002-03. Thus counts of live pups were available for a total of 20 seasons (Appendix 1) from 1973-74 to 2002-03. The beginning of each pupping season was indicated by the presence of the first brown pup in a monthly survey after their absence for several months. In a few seasons, the first brown pup recorded was dead.
For the analysis of trends, the complete set of live pup counts was first examined using the linear regression of log-transformed pup counts on year, which is based on an exponential regression of the form:
where y is the maximum count of live pups for each pupping season, x refers to the year calculated from 1 January 1973 which was set at 1, and a and b are constants. The constant b is the exponential rate of change of the population; it was expressed as a percentage rate of change using the formula
The statistical significance of regressions was examined using analysis of variance. We limited most of our analyses to the data from the last 13 pupping seasons, from 1985 to 2002-03, when data seemed more reliable than previously. A counting protocol established by TED for Seal Bay was being used during this period and timing of pupping seasons had been established by 1985, which led to more focused data collection. Before 1985, data had been collected sporadically and the age-sex classes recognized had not been standardized.
Classifying some young Australian sea lions can be difficult because molted pups aged 5 to 7 months can be confused with small juveniles born in the previous pupping season, which are then aged between 18 and 36 months. Small juveniles can be recognized by their cranial development, particularly their slightly longer noses. Furthermore, when pups molt their natal coat (lanugo), they replace it with a silver gray and cream pelage. When juveniles that were born in the previous pupping season molt, their newly emerging silver gray coat shows through their aged, ginger colored outer hair, which gives them a different coloration from that of pups.
In some counts that we decided to omit, there was a high proportion of molted pups soon after the first of the brown pups would have completed their molt, which indicated that some juveniles had been included in the molted pup category. That problem was prevalent in counts from the 1970s and 1980s, and also occurred in other seasons several months after peak numbers were reached. In addition, in some of the early data sets, pups were simply categorized as "unclassed pups" in the monthly censuses, and no effort was made to distinguish between brown pups and molted pups. We suspect that such counts may also have included juveniles and caused an overestimation of the maximum pup count for the season. An example is the exceptionally high count for 1982-1983, almost six months after the beginning of the pupping season (Appendix 1). We have scrutinized these data carefully and omitted counts that we considered unsatisfactory.
Determining the peak of pupping seasons, their duration, and interbreeding intervals
Temporal changes in the counts of live pups over the course of each pupping season were fitted to Gaussian (normal) curves using the curve fitting function in the graphing software KaleidaGraph (V 3.09, Synergy Software), in order to determine objectively the date when pup numbers reached their peak.
Curves fitted to pup count data for each pupping season included at least one and preferably two counts after the maximum count. This approach standardized count data available for each season and enabled the calculation of a clearly defined peak in pup numbers for each pupping season and the interval (in days) between seasons.
Median pupping dates were calculated in two ways. First, by calculating the estimated date at which 50% of pups were born based on the equations for the Gaussian distribution for each pupping season. Median The estimated date of the peak in counts of live pups and the date of median count (50%) based on a Gaussian model, and the date of median calculated from probit analysis of Gaussian curves are presented, as well as the inferred spread of pup counts based on probit analysis. The calculated timing of breeding seasons in years and the intervals between them based on Gaussian analyses are also presented, with the maximum counts of live pups for each pupping season. The year count began at 1 January 1975.
Data for the 1978 season were not used in analyses. Analyses were not done for the 1973-74 season because there were no pup counts after the maximum count.
pupping dates were also calculated using a modified probit analysis (Caughley 1980) based on the Gaussian curve data for each pupping season. Linear regression analyses and generalized linear models (GLMs) were developed using SYSTAT (V10, SPSS), and generalized additive models (GAMs) were performed using SASS.
Results
Timing of pupping seasons and intervals between them
Examples of the Gaussian curves fitted to six of the breeding seasons of pup count data are illustrated in Fig. 2 . The date on which peak numbers occurred, the estimated median pupping date, and the duration over which 90% of births occurred based on Gaussian curves and on probit analysis are presented in . These estimates did not vary significantly with respect to method of calculation (paired t-tests: for Gaussian peak vs. Gaussian median, t = 0.158, P = 0.877; for Gaussian peak vs. probit median, t = 0.247, P = 0.808; and for Gaussian median vs. probit median, t = 0.147, P = 0.885).
Trends in live pup counts
Over 20 seasons (1973-74 to 2002-03) , the peak number of live pups counted per pupping season averaged 140 (s.d. = 21) ( Table 1) . Although there was considerable variation in the number of pups born each season (range 102-185), no trends were apparent (exponential slope of regression was 0.0022, r 2 = 0.005; Fig. 3 ). Since the 1985 breeding season, pup numbers averaged 144 (s.d. = 14, range 122-166, n = 13) ( Table 1 , Fig. 4 ). This data set shows a general decline equivalent to an annual decrease of 0.77% (exponential slope of regression was -0.0077, r 2 = 0.216), or a decrease of 1.14% per breeding cycle (exponential slope of -0.0113), but this exponential regression was not significant.
From an examination of the trends in pup number across years (1985 to 2002-2003) , we identified an apparent oscillation in pup numbers between high and low seasons (Fig. 4 ). This pattern is consistent, with the exception of one season, 1997. With the removal of this season, maximum pup numbers for each pupping season were correlated with the duration of the interbreeding intervals, such that more pups were counted following shorter interbreeding intervals than after longer ones (linear regression, F 1,11 = 14.23, P = 0.004, r 2 = 0.61, Fig. 5 ). However, with the inclusion of the 1997 data, this relationship was not significant (linear regression, F 1,12 = 2.21, P = 0.17, r 2 = 0.18). Visual examination of changes in pup numbers with time indicated that within the interbreeding season oscillation, there was a general decline in pup numbers with year, suggesting an interaction between duration of the interbreeding interval and year. This was examined further using generalized linear models (GLMs).
A GLM was developed incorporating backward stepwise inclusion of three predictor variables (year, interbreeding interval, and their interaction). It used the interbreeding interval between seasons based on dates for peaks in pup numbers derived from the Gaussian curves, and P set at 0.15 to enter or remove a predictor. A significant model (Table 2) included all predictor variables (F 3,9 = 5.14, P = 0.024, adjusted r 2 = 0.51) and explained 51% of the variance in pup numbers. An additional model that excluded the interaction term produced a marginally significant model (F 2,10 = 4.08, P = 0.051, adjusted r 2 = 0.34) that explained less variance, indicating that the inclusion of the interaction significantly improved the fit of the model. These results indicate that year, interbreeding interval, and the interaction between year and interval, all contribute significantly to explaining variance in the numbers of pups counted at Seal Bay over 13 consecutive breeding seasons between 1985 and 2002-2003 . Furthermore, coefficients of the terms indicate that both year and interbreeding interval have a significant negative effect on numbers of pups counted. Due to high co-linearity between predictor variables, as indicated by the very low tolerance values in the GLM (Table 2) , predictor variables were re-scaled by centering (subtracting the mean from each observation), and the model rechecked (following Quinn and Keough 2002).
Although the above GLMs were significant, one of the data points had large leverage. When this was removed, subsequent fits to the model also produced outliers; subsequent removal of these led eventually to the removal of all data points. This result suggested that the relationships between pup numbers and year and breeding interval were nonlinear. To address the potential nonlinearity in the two covariates, a generalized additive model (GAM) was tested, because these apply nonparametric smoothing functions to predictor variables (Quinn and Keough 2002) . The GAM model we developed used a normal (Gaussian) probability distribution with a cubic spline smoothing and identity link function. We applied this GAM to the data with a range of degrees of freedom from 1 to 5. The best fit to the data was derived using a cubic spline smoothing function with 4 degrees of freedom (Figs. 6 and 7). All of the terms had significant nonparametric components, suggesting a nonlinear model was appropriate for year and interbreeding interval. Both terms had negative coefficients (as found in the GLM), indicating that each had a negative effect on maximum pup numbers in each pupping season (Table 3 ). The fit of this GAM to pup counts indicated that the model accounted for approximately 89% of the variance in pup numbers (R = 0.949, F 1,12 = 99.8, P < 0.0001, adjusted r 2 = 0.89, Fig. 8 ). We conclude from these analyses that both year and interbreeding interval significantly affect maximum counts of live pups in each season, but that a significant component of the variance explained by each of these factors is accounted for by their interaction. Consequently, it is difficult to isolate a year effect and breeding interval effect without taking account of their interaction. Therefore, our best estimate of the rate of decline in pup counts at Seal Bay comes from the exponential regression analysis, which indicates a decline of 0.77% per year, which equates to a 1.14% decline per pupping season (95% confidence limits of -2.47% and +0.20%, based on the slope of the exponential regression of -0.0113, with s.e. 0.00678, n = 13). Between 1985 Between and 2002 Between -2003 there was a 12.6% decline (i.e., over 13 breeding seasons covering 17.7 years).
We noted that breeding seasons following long interbreeding intervals were of longer duration than those following short interbreeding intervals. This was indicated by a positive relationship between the interbreeding interval and the standard deviation of the duration of the following breeding season, both of which were calculated from the Gaussian curves (slope = 2.95, F 1,11 = 5.64, P = 0.037, r 2 = 0.34). We performed the same type of GLM analysis as above with duration of the interbreeding interval replaced by the standard deviation (s.d.) of the duration of the following breeding season. That model removed "year" as a factor as well as interactions between "year" and "s.d." The only significant factor remaining was "s.d." That model explained less variance in pup numbers than the original model (F 1,11 = 4.89, P = 0.049, adjusted r 2 = 0.245). Thus more of the variance was explained by the original model (51%, using duration of the interbreeding interval as a factor) compared with this model (24.5%, using s.d. as a factor). Because the second model explains less variation than the original model, and because the interbreeding interval precedes the subsequent pupping season, it is more logical to use duration of the interbreeding interval as an independent variable in the model.
Discussion
Biases and reliability of counts
Several characteristics of the Australian sea lion make estimation of pup abundance difficult. The most important is that pups are born over an extended period of up to 7 months. This leads to the problem of availability bias (Seber 1982, p. 132) , which arises because some of the pups have not been born at the time of counting or, near the end of the pupping season, some may have moved to other colonies or be in the sea nearby. Similar problems arise in estimating abundance of other pinniped species, such as hooded seals, Cystophora cristata (Bowen et al. 1987) .
A further problem in determining the abundance of Australian sea lion pups by direct counting is sightability bias. Live pups not attended by an adult female were not always easy to see, especially if they were solitary and sleeping in a rock hole or under a bush. For instance, markrecapture estimates of pup numbers in most of the Seal Bay colony in June 2003 averaged 187% of the counts in the same area (McIntosh et al. 2006) . Therefore the index of abundance of pup numbers for Seal Bay used in this study most likely underestimates pup production for each pupping season.
Interval between breeding seasons
Although previous studies have identified the unusual non-annual breeding pattern in Australian sea lions, with intervals between pupping seasons of 17-18 months (Ling and Walker 1978 , Gales et al. 1992 , Higgins 1993 , none has identified such a range in interbreeding intervals as this study. Higgins (1993) calculated median pupping dates for four successive breeding seasons at Seal Bay, enabling her to calculate three interbreeding intervals (1986-87 to 1988 of 526 days; 1988 to 1989-90 of 533 days; 1989-90 to 1991 of 543 days), with a mean of 534 ± 8.5 days (i.e., 17.6 ± 0.3 months). Using a different method that calculated breeding intervals based on the dates of maximum pup counts, this study determined a similar mean inter-birth interval with a larger sample size (17.5 ± 1.0 months, n = 17). Whereas the range of Higgins's (1993) inter-birth intervals was only 17 days (i.e., 0.6 months), we identified a range of 118 days (i.e., 3.9 months). It is possible that our method has a tendency to both overestimate and underestimate intervals compared with that of Higgins (1993) based on mean pupping date, in the sense that for the three intervals that have been calculated by both methods, the differences were +37, -47, and +61 days, respectively. Variation in these results might be caused by differences in the duration of pupping seasons across years. However, if the distribution of births throughout a pupping season approximates a normal distribution, as data in Higgins (1993, Fig. 1 ) suggests, then duration of pupping season alone should not affect estimates of interbreeding interval, as long as the estimating method is the same across years. Higgins (1993) also recorded 33 interbirth intervals for 22 individual females; these ranged from 512 to 576 days (i.e., 16.8 to 18.9 months, a range of 2 months) with a combined mean of 542.5 days (i.e., 17.8 months).
Given that the period of embryonic diapause (delayed implantation) in Australian sea lions appears to be fixed and similar in duration to that of other otariid species (4-5 months, Gales and Costa 1997), the considerable variation in pupping season interval may be caused by variation in the period of placental gestation. If our estimates of interbreeding intervals are correct, this would lead to variation in the duration of placental (active) gestation of about 6 months. Such plasticity in gestation duration in Australian sea lions is unique among pinnipeds, and among mammalian species in general, and deserves further investigation. In addition, as fewer pups are counted following longer breeding intervals, extended intervals may reduce the fecundity rates of breeding females. If reductions in fecundity are asymmetrical across age-groups (greater effects on younger females), and younger females tend to breed earlier within each breeding season, then an apparent extension of breeding interval could be accounted for by asymmetrical reductions in fecundity.
The ultimate cause for variability in interbreeding season interval of Australian sea lions is unknown. However, the fact that fewer pups ap-pear to be counted, subsequent to long interbreeding intervals, suggests that variations in fecundity in response to resource availability may be a contributing factor.
Trends in abundance
It is uncertain how live pup counts relate to pup production and pup mortality rates across seasons. The most parsimonious conclusion is that live pup counts are positively affected by pup production and negatively affected by mortality rates. Given this, live pup counts are likely to be a realistic measure of relative pup numbers available for recruitment to juvenile age classes from each pupping season.
Our analyses of peak pup counts at Seal Bay over 13 breeding seasons from 1985 to 2002-03 suggest that much of the inter-seasonal variance in pup numbers is driven by a seasonal oscillation in the duration of interbreeding interval, but that within these oscillations there is a significant decline in pup numbers with year.
These analyses indicate that the reproductive output of Australian sea lions at Seal Bay has declined over the period 1985 to 2002-03. No significant trends in abundance were noted by Ling (1992) . King and Marlow (1979, p. 14) reported a possible decrease in population size, particularly on the west coast of Western Australia, but no supporting data were provided. Gales et al. (2000) also indicated that numbers of sea lions were decreasing in Western Australia.
The decrease in numbers of sea lion pups at Seal Bay is contrary to increases in numbers of pups of the New Zealand fur seal, Arctocephalus forsteri, at nearby colonies on Kangaroo Island, at the North Neptune Islands in South Australia and at islands on the south coast of Western Australia (Shaughnessy et al. 1995 , Shaughnessy and McKeown 2002 , Gales et al. 2000 . Numbers of Australian fur seals, A. pusillus doriferus, have also increased at the major colonies in Bass Strait , Kirkwood et al. 2005 . The increase in fur seal numbers is attributed to a recovery from overharvesting since Europeans arrived in South Australia. Because the Australian sea lion was also harvested in the same area (Ling 1999) and its numbers and range are considered to be depleted , the sea lion population is also expected to recover, unless some other factor or factors are restraining it.
That sea lion pup numbers at Seal Bay have decreased is a cause for concern, and the extent and possible causes of this decline deserve further investigation. Contributing factors include the high levels of pup mortality (e.g., Marlow 1975) and the possibility of competition between the sea lions and fur seals for prey and/or for space ashore. The latter seems unlikely because the two species occupy different areas ashore, especially for breeding. The former (competition for similar prey) deserves further attention, although it has been reported that Australian sea lions are benthic feeders on the continental shelf (Costa and Gales 2003) , in contrast to New Zealand fur seals, which are predominantly epipelagic (mid-water) feeders, although some foraging also occurs on the benthos (Mattlin et al. 1998 , Page et al. 2005 .
Another factor that may have contributed to the decrease in sea lion numbers at Seal Bay is interaction with commercial fisheries, especially the inshore bottom-set gillnet fishery for sharks (Robinson and Dennis 1988 , Shaughnessy 1999 , Gibbs 2002 , Shaughnessy et al. 2003 , Page et al. 2004 ). An example of a sea lion almost drowning in a commercial shark net comes from Baird Bay, western Eyre Peninsula, South Australia. A net set in shallow water adjacent to the sea lion colony at Jones Island on 3 November 2001 caught a juvenile sea lion by the next day. The sea lion had sufficient strength to reach the surface to breathe and was subsequently cut out of the net alive (A. Payne, Baird Bay Charters, pers. comm.). Ling and Walker (1979) have also recorded sea lions being caught in nets of commercial shark fishers. The 150 mm monofilament netting used in that industry is the most frequently encountered entanglement material recorded on sea lions at colonies in South Australia (Dennis 1999) . Page et al. (2004) reported that monofilament netting was the most frequently encountered entangling material (55%) recovered from 35 Australian sea lions between 1988 and 2002 at Seal Bay on Kangaroo Island.
In addition, sea lions interact with the rock lobster fishery, in which baits are placed in traps set on the seafloor. Sea lions drown in rock lobster pots ) and take baits from pots and damage them, which causes retaliation by fishers (Robinson and Dennis 1988, Southern Fisheries 1996) . The feeding regime of the Australian sea lion (benthic feeding on the continental shelf) is likely to place them at greater risk of mortality with these forms of fishery interaction than is the New Zealand fur seal, which breeds in the same area but feeds farther offshore. Based on the reported interactions between sea lions and the shark and rock lobster industries, we recommend that the setting of gillnets and rock lobster pots near breeding colonies of the Australian sea lion should be reviewed.
Because of the variability in estimates of abundance in Australian sea lions between pupping seasons, it is essential that high quality, long-term data are collected systematically from widely spaced colonies across the species' range to determine trends in abundance accurately. This will require an improved level of monitoring compared with that achieved to date. Furthermore, because of the high incidence of pup mortality during pupping seasons, it is essential that several visits are made to a colony during each season so that dead pups can be marked and counted, in order to obtain meaningful estimates of their abundance, and that further investigations are directed at causes of pup mortality. Beginning of the pupping season was indicated by the observation of a dead brown pup.
Abstract
Australian sea lion (Neophoca cinerea) pup counts have been conducted at monthly intervals at Seal Bay Conservation Park, South Australia, since 1983. The protracted breeding season of the Australian sea lion causes difficulties for estimating pup production as simple counts of pups are likely to underestimate pup abundance. Here we describe the use of a mark-recapture technique, the modified Petersen estimate, to estimate the total number of sea lion pups produced at Seal Bay by the end of the breeding season in late June 2003. Our aims were to compare the estimate of pup numbers from direct counting with that from mark-recapture, and evaluate methods used to estimate pup abundance at the end of the pupping season. Pups (n = 74) were marked over a four month period by clipping the hair on the rump. Pups were also given individually identifying microchips (23 mm TIRIS™ RFID) that were inserted subcutaneously. These identifying microchips were used to test for unequal catchability and estimate the number of marked pups in the population at the time of the mark-recapture (n = 74). The mark-recapture was conducted after peak pup production in the seventh month of the breeding season. The best estimate of the number of sea lion pups in the Seal Bay colony was 230 (95% CI 203-257). These incorporate the mark-recapture estimates.
In their absence, the estimate from direct counting of pups in the whole colony was 163 (95% CI 147-179). Thus the mark-recapture estimate was 187% of the direct count (95% CI 173-201), highlighting that pup counts underestimate pup production at Seal Bay Conservation Park.
Introduction
Seal Bay on the south coast of Kangaroo Island, South Australia, is one of the largest breeding colonies of the Australian sea lion, Neophoca cinerea. During 1990, a survey through the species' range ranked Seal Bay the fourth largest colony with an estimated 180 pups . Sea lions at Seal Bay are the major attraction for visitors to Kangaroo Island, where tourism has become an important income generator for the island (Twyford and Vickery 2001) . During the breeding season, pups have been counted at monthly intervals since 1983. The usual method for determining abundance of Australian sea lions is for two or three observers to walk through a colony searching for and counting pups and, in some instances, animals of other age and sex classes. Observers travel in a survey line, tallying pups as they move through the colony, resulting in a single count of pups for each monthly survey. The number of pups is the preferred index of abundance because pups are easily recognizable and most of the pups are ashore at one time. Long-term pup counts are a valuable tool for wildlife management and research as they are considered to be reliable indicators of population change when used in conjunction with life history information .
Simple counts of pups are likely to underestimate pup abundance because some pups ashore will be in places such as rock holes or under bushes where they are likely to be overlooked (Shaughnessy et al. 1995, Shaughnessy and Dennis 1999) . Australian sea lion populations are notoriously difficult to census because of their unusual reproductive strategy that includes an aseasonal (average of 17.6 month) breeding cycle and a protracted (five to seven month) breeding season Walker 1976, 1978; Higgins 1993) . The extended breeding season of the Australian sea lion further increases the likelihood of underestimating pup production, as pups born earlier in the breeding season may be up to seven months old, molted and actively mobile, while newborn pups are still being produced in the colony.
By using a mark-recapture approach to estimate abundance of pups, problems with overlooking pups that are ashore can be addressed, reducing sightability bias in the estimate. Additionally, the mark-recapture method enables the variance or error around the mean number of pups to be estimated, which cannot be obtained from a single count. Observation error and variance can be calculated from direct counts if counts are made by several observers or if replicate counts are made. But such counts do not address sightability biases as effectively as a mark-recapture model that compares proportions of marked and unmarked individuals.
Mark-recapture methods have been applied successfully to estimate population parameters (e.g., Cormack 1964 , Jolly 1965 , Lebreton et al. 1992 , Nichols 1992 , Cameron and Siniff 2004 , and as an effective method of estimating pup production in seal populations (e.g., Chapman and Johnson 1968 , York and Kozloff 1987 , Ries et al. 1998 . In mark-recapture studies of Australian otariid species, surveys generally estimate the number of live pups found in the colony at the time of the mark recapture using the Petersen formula or its modification (Shaughnessy et al. 1995 , Shaughnessy et al. 2000 , adding the number or percentage of dead pups identified at the time of the survey to this estimate when such data are available (Pemberton and Kirkwood 1994 , Shaughnessy and Dennis 1999 , Shaughnessy and McKeown 2002 .
There are four basic assumptions for Petersen mark-recapture estimates: (i) every animal, marked and unmarked, must have the same probability of capture and recapture; (ii) every animal must have the same probability of mortality or of leaving the sampling area for the duration of the experiment; (iii) marks must not be lost and must be correctly reported; and (iv) no animal is born or immigrates to the study area between marking and recapturing (Caughley 1977 , Seber 1982 . These assumptions are often difficult to reconcile for mark-recapture experiments in wild populations (Caughley 1977) .
Movement of pups out of the colony is not a problem for markrecapture estimates provided the rate of movement is equal for marked and unmarked individuals (Caughley 1977) . Repeated counts and simple mark-recapture models provide an estimate of the number of pups that are in a colony at the time of the recaptures, but do not account for the number of pups that may have moved out of the colony between marking and recapture periods (Caughley 1977) . There can therefore be an availability bias in mark-recapture estimates, where not all the marked pups are available at the time of the estimate and total pup production cannot be calculated.
Applying an individual identification, such as numbered tags, to marked pups is not necessary for a simple mark-recapture model. However, in order to test the assumptions of a mark-recapture study, and to evaluate the level of availability bias in marked pups, such information is necessary Chitty 1951, Orians and Leslie 1958) . In this study, pups were physically marked by clipping the fur of the rump and also by implanting subcutaneous microchips (TIRIS™ RFID 23 mm passive transponders). These microchips provide an individual number for each marked pup and allow frequency of recapture to be analyzed to test for unequal catchability (zero-truncated Poisson model [Darroch 1958 , Orians and Leslie 1958 , Caughley 1977 ) and the number of marked pups in the population at the time of the mark-recapture to be estimated (modified Petersen estimate).
Recent surveys of pup production at Seal Bay suggest that visual counts underestimate pup production, because of the propensity of animals that are obscured or absent from the colony on the day of the survey. In November 2001, during one of the monthly counts of animals in the colony only 23 of the 53 live pups (43%) that had been marked with fore-flipper tags were located (D. Dowie, Department for the Environment and Heritage, South Australia, 2001, pers. comm.). Furthermore, in July 1999 a mark-recapture trial undertaken on the population of Australian sea lions at Dangerous Reef (Shaughnessy and Dennis 1999) showed that pup production estimates based on the mark-recapture estimation procedure were 19% larger than those derived from direct counting.
Here we describe the use of a mark-recapture technique to estimate the number of Australian sea lion pups produced at Seal Bay at the end of the breeding season in late June 2003. Our aims were to compare the estimate of pup numbers from direct counting with that from mark-recapture, and evaluate methods used to estimate pup abundance at the end of the pupping season.
Methods
Seal Bay colony
Seal Bay Conservation Park (35º41'S, 136º53'E) is situated on the southern coast of Kangaroo Island in South Australia (Fig. 1) . The sea lion colony at Seal Bay comprises five areas (Fig. 2) that are referred to as Pup Cove (2 km from the visitor center), the Western Prohibited Area (WPA), Main Beach, sand dunes and swales inland from Main Beach, and the Eastern Prohibited Area (EPA). The sand dune area inland from Main Beach and the EPA beach is vegetated with grey saltbush (Atriplex cinerea) while the swales and inland area behind the saltbush are vegetated with the low-lying Bower spinach (Tetragonia implexicoma) and coast velvet bush (Laisiopetalum discolor). Limestone promontories separate the WPA and EPA from Main Beach. The colony extends along the coast for 7 km. Most pups are born at Pup Cove and in the WPA; smaller numbers of pups are born to the east of Main Beach in the EPA, at the western end of Main Beach and inland from the WPA and Main Beach.
Mark-recapture procedure
Pups from the 2002/03 breeding season were born over a six month period commencing in late November 2002 and were marked over a four month period by clipping a strip of hair across their rump almost down to skin level. A microchip was inserted subcutaneously in the pup's rump, which provided it with an individual identification number. To successfully identify a pup, an RFID reader was held at a distance of up to 10 cm from the site where the microchip was inserted. No handling of the pups was required after initial marking. Criteria for choosing pups to be marked were that they were a minimum of two months old, were not accompanied by an adult female, and that little disturbance would result from their initial capture. By 24 June 2003, when the mark-recapture study commenced, seventy-four pups had been marked in this manner. Pups were marked in the WPA, on Main Beach, and in the nearby dunes. Due to steep limestone cliffs that made access difficult, pups were not marked in Pup Cove. Marked pups were not seen in Pup Cove at any time during the breeding season. Permit limitations prevented the marking of pups in the EPA. Pups that ventured from the EPA to Main Beach were marked, and marked pups were seen frequently in the EPA. The three recapture sessions were conducted on 25, 26, and 27 June 2003, in the WPA, on Main Beach, and inland from these areas (where pups had been marked). Each recapture session required a full day due to the large area to be covered. In addition, recapture sessions extended into the EPA because pups and their mothers are known to move eastward in the Seal Bay colony during the pupping season (Higgins and Gass 1993) . All areas of the colony except Pup Cove made up the mark-recapture area. Numbers of pups in Pup Cove were estimated by direct counting from the cliff-tops on three occasions.
Recaptures (essentially "re-sights") were conducted visually, without handling the pups, by one to three people working separately in allocated areas of the colony. At least 35 marked pups required recapturing to provide an unbiased estimate with a standard error of 10% or lower of the Petersen estimate (Caughley 1977 ) assuming a total pup population of 180 pups . All marked pups that were located were scanned with a microchip reader so that their identity could be established. That information was used to estimate the number of marked pups present in the study population.
Classification of pups
Four groups of pups were recognized, as follows.
1. Marked pups: identified by a clipped strip of hair across the rump as noted above. Very few pups were fully molted at the time of the mark-recapture study. A few pups had completed their molt. If they had been marked, the clipped area would no longer have been visible. Therefore all molted pups were scanned and identified as "marked" if a microchip was recorded.
2. Dead pups: counted as they were found, and a cumulative record of the number of dead pups was maintained during the pupping season. Dead pups were either removed from the colony for further analysis, or marked with quick-drying paint when they were found to avoid recounting.
3. Unclassed pups: un-molted and molted pups that were seen but the presence or absence of a mark could not be confirmed due to their swimming in shallows near the shore. Unclassed pups were not included in the estimate for pup production.
4. Pups outside the mark-recapture area: pups within Pup Cove that were not marked due to its inaccessibility.
Mark-recapture methodology
The modified Petersen formula (Seber 1982) as outlined in Shaughnessy et al. (1995) was used as the basis for the mark-recapture design. The pupping season of the Australian sea lion is of 5-7 months duration and pups were marked over four months leading up to the mark-recapture survey. Therefore some pups may have dispersed with their mothers before the mark-recapture project was conducted. In order to satisfy this assumption, the number of marked pups within the mark-recapture area available for recapture was estimated. Pups were marked in equal proportions throughout the colony, except for the EPA due to permit limitations. It is most important that marks are not lost. Identification of the clipped mark was reliable until well after the mark-recapture study was completed. These marks were visible even in pups that were molting. The microchip implanted under the skin enabled all marked pups to be individually identified in order to estimate the number of marked pups in the colony at the time of the mark-recapture. Molted pups were identified as marked by the presence of a microchip; if no microchip was present they were identified as unmarked. There were few molted pups in the population, and the only unclassed pups were those swimming in the shallows (Table 1) . Unequal probability of recapture was tested for by analyzing the recapture frequency of microchipped, known-identity pups. A truncated Poisson distribution was first fitted to the observed frequencies of identified individuals over the three sampling days and then the model was tested for goodness of fit using the χ 2 distribution (Darroch 1958 , Orians and Leslie 1958 , Caughley 1977 , given that each individual identified over the three days of the sampling period had the opportunity to be identified 1, 2, or 3 times. A significant result of this test was interpreted as unequal catchability; a nonsignificant result indicated that unequal catchability could not be demonstrated (Roff 1973) .
The modified Petersen estimate was used as the basis of the markrecapture design. The total number of pups in the mark-recapture study population (N) was estimated by
Where M = number of marked pups in the population n 1 = number of live pups seen, including marked pups m 1 = number of marked pups seen.
The variance of this estimate was calculated from ( ) 
As some pups may have dispersed from the colony or died, the number of marked pups remaining in the study population at the time of survey (M) was estimated by M 1 by examining a sub-sample of microchipped pups over two consecutive days (day 1 and day 2).
The number of marked pups in the study population was calculated from
where M 2 = number of individual marked pups identified on day 1, the day before a recapture session n 2 = number of marked pups identified at a recapture session (day 2) m 2 = number of individual marked pups re-identified at a recapture session (i.e., identified on day 1 and again on day 2).
The best estimate of pup production is obtained from the following summation:
Best estimate = N + Dead pup count + Pup count for Pup Cove.
An estimate of pup numbers based on direct counting using the same data set is obtained from: Direct count = n 1 + Unclassed pup count + Dead pup count + Pup count for Pup Cove.
The 95% confidence interval (CI) of the estimated pup numbers were calculated with the estimate ± (1.96 × s.d.).
Results
Equal catchability
Unequal catchability could not be demonstrated for marked pups ( χ 2 = 2.21, d.f. = 1, P > 0.10) ( Table 2 ). This indicated that the marked pups identified over the three days of the census were randomly recaptured, allowing the assumption of equal catchability to be accepted.
Number of marked pups in the study population
Marked pups were found in all parts of the Seal Bay colony that had been designated as the mark-recapture study area, namely the WPA, Main Beach, nearby dunes, and the EPA. The number of marked pups in the study population was estimated, using data from the marked pups on three consecutive days ( 
available for identification on 25 June. A greater number of microchipped pups was identified on the second and third day of the survey (Table  3) . As pups not identified on the first day, but identified on the second and third day must have been alive on the first day of the survey, the estimate of 73 pups was considered a more likely result. It was therefore concluded that all 74 marked pups were available in the colony at the time of the mark-recapture. No marked pups were found dead in the colony by 27 June (date of third census). After two months of age, pups are better able to defend themselves and as a consequence suffer lower mortality rates compared to younger pups (Higgins and Tedman 1990) . Given that pups in this study were marked after two months of age, it has been assumed that mortality of marked and unmarked pups from 2 to 7 months of age was equal and therefore unequal mortality would not violate the assumptions of mark-recapture. It was also assumed that no pups died over the three days of the surveys.
Number of pups in the study population
For the mark-recapture estimation procedure, it was assumed that all of the marked pups were available for recapturing (as discussed above), and M was set at 74. Data are available for three recapture sessions (Table 1) . Estimates of the number of pups in the study area (N) ranged from 130 to 157, with mean 144.1 and standard deviation 6.2 (95 % CI 132-156). No births were observed during the recapture sessions. 
Estimate of pup numbers at Seal Bay in June 2003
The best estimates of the number of sea lion pups in the Seal Bay colony in late June 2003 ranged from 215 to 242 (Table 1) , with mean 230 and standard deviation 13.7 (95% CI 203-257). In contrast, the estimates based on direct counting of pups in the whole colony ranged from 154 to 170, with mean 163 and standard deviation 8.3 (95% CI 147-179). On average, the estimates based on the mark-recapture (N ) were 1.87 times that of those based on direct counting methods (n 1 ) (s.d. = 7.2, 95% CI 173-201).
Discussion
Satisfying mark-recapture assumptions
Several assumptions are made in estimating population size by the markrecapture technique (Seber 1982) . Pertinent ones are reviewed here for estimates of abundance of Australian sea lion pups at Seal Bay.
Migration
Marks were applied over a period of four months prior to the mark-recapture survey. A potential problem is that some pups may have left the colony prior to the recapture sessions. This seems unlikely because we estimated that all marked pups were still in the colony at the time of the mark-recapture estimate. These results indicate that little or no emigration of pups had taken place prior to the mark-recapture estimates, seven months after the commencement of the breeding season.
Reliability of marks
No problems were experienced in recognizing the marks on pups that were ashore, even on pups that were molting and few fully molted pups were observed. Several pups were swimming and it was not possible to determine whether or not they were marked; they were categorized as "Unclassed." Fortunately there were few of them and they would have little effect on the comparison between the estimates from direct counting and from mark-recapture.
Probability of recapture
The probability of marking and recapturing pups should be identical in a mark-recapture. The test of unequal catchability demonstrated that it was fair to assume equal catchability throughout the survey area. Pups were marked in the WPA, on Main Beach, and in the dunes behind these areas. Recapture sessions were conducted in these areas and in the EPA. Several marked pups were recorded in the EPA; that and previous evidence that adult females and their pups generally move eastwards within the colony and that some of them move into the EPA (Higgins and Gass 1993) gave us confidence that marked and unmarked pups had mixed sufficiently within the mark-recapture study area. It is recognized that adequate mixing of marked and un-marked pups does not suffice to accept the assumption that pups are marked evenly throughout the mark-recapture area (Caughley 1977) . In order to accept this assumption, the permit limitations at this study site must be addressed for future mark-recapture experiments in order include marking pups in the EPA.
Timing of mark-recapture estimation
The mark-recapture estimates reported here were made in June 2003, seven months after pupping began, when approximately half of the pups in the mark-recapture study area were marked. Based on direct counts of pups in the colony, maximum numbers of pups were observed in late May and it would have been preferable to have made the mark-recapture estimation then. An aim in future seasons should be to mark half of the pups by the fifth month of the season and then perform the mark-recapture estimate.
Comparison of estimates by direct counting and mark-recapture
If the number of live pups in the mark-recapture study area had been estimated by direct counting on the three days from 25 to 27 June, the estimates would have been 69, 81, and 81, respectively, which are the values for n 1 in Table 1 . Thus the mark-recapture estimates were 189%, 179%, and 193% of the direct counts for these days, with an average of 187% and standard deviation 7.2 (95% CI 173-201). This is much greater than the difference obtained for this species at Dangerous Reef colony in 1999, where the mark-recapture estimate was 119% of the direct count (Shaughnessy and Dennis 1999) . Such a difference is not unexpected because the terrain at Dangerous Reef is more open (with no bushes) than at Seal Bay, and hence fewer pups are likely to be overlooked by direct counting at Dangerous Reef. The results of this study indicate that estimates of abundance of Australian sea lion pups are biased downward to varying extents. We suspect that the underestimate for small colonies of the Australian sea lion, especially those on rocky islands, are much smaller than indicated here for Seal Bay, where pups are easier to locate.
Conclusion
This is the first mark-recapture study to estimate pup production numbers of Australian sea lions at Seal Bay Conservation Park. The resulting best estimate of 230 pups represents the sum of the estimated number of pups alive in the colony at the end of the breeding season and the cumulative number of dead pups. This estimate is 187% of the mean pup count, suggesting that historic pup count data at this site are biased downward to a large extent, primarily due to the difficulty of finding pups in direct counts. This estimate is also greater than the previous estimate of pup production at Seal Bay ) of 180 pups.
Due to the inability to access Pup Cove and the inability to mark pups in the EPA, the pup production mark-recapture estimate in this study is also likely to be biased downward. Even so, the pup production estimate in this study is a better estimate of total pup production than those derived from simple pup counts, as it was established that there was no emigration of marked pups from the survey site. The counting of newborn pups may provide a good way of estimating pup production in a breeding colony where 230 pups may be born. This method is not ideal as it is very laborious over the lengthy sea lion breeding season and is not currently possible due to restrictions on access to the EPA and Pup Cove. With further investigation, application of a mark-recapture method that best suits this population will be developed to monitor pup production more accurately. 
